Background and objectives Use of bone mineral density (BMD) by dual-energy x-ray absorptiometry (DXA) is controversial for diagnosing bone loss in CKD patients on dialysis. The alternative quantitative computed tomography (QCT) is expensive and requires high radiation exposure. This study compared the two techniques and evaluated serum biochemical parameters for prediction of bone loss.
Introduction
Low bone mass is frequently seen in patients with CKD on dialysis (CKD-5D), and abnormalities in bone volume are an integral part of renal osteodystrophy (1, 2) . However, measurements of bone mineral density (BMD) reflecting bone mass are not common practice in the management of CKD-5D patients. Kidney Disease Outcomes Quality Initiative (KDOQI) recommends BMD measurements by dual-energy x-ray absorptiometry (DXA) only in patients in which fractures have occurred, and Kidney Disease Improving Global Outcomes (KDIGO) recommends explicitly against BMD measurements in CKD-3 to CKD-5D patients (3, 4) . This recommendation is explained by the lack of predictive value of BMD for fractures. However, Yenchek et al. (5) have shown in 2754 elderly patients (including 587 patients with GFR less than 60 ml/min) that lower BMD is a risk factor for fracture. It is undisputed that fractures occur at a 4.4 times higher rate in patients with CKD-5D compared with the general population (6) , and bone loss is a generally accepted clinical risk factor for fracture. This study was conducted to compare DXA with quantitative computed tomography (QCT) in detection of osteoporosis and evaluate whether there are serum biochemical predictors of bone loss in CKD-5D patients.
Materials and Methods

Patients and Protocol
Patients with CKD-5D were screened, consented, and enrolled into this prospective institutional review board-approved study. Enrollment occurred from August of 2009 to April of 2012 at dialysis centers throughout Kentucky. The investigators adhered to the Declaration of Helsinki in the conduct of the study and registered the study with ClinicalTrial.gov (NCT00859612). Inclusion criteria were age 18 years or older, chronic maintenance dialysis of at least 3 months duration, mental competence, willingness to participate in the study, and calcidiol levels within the normal range. Exclusion criteria included pregnancy, systemic illnesses or organ diseases that may affect bone (except diabetes mellitus), clinical conditions that may limit study participation (e.g., respiratory distress and infections), chronic alcoholism and/or drug addiction, participation in a study of an investigational drug during the past 90 days, planning to move out of the area within 1 year, on active transplant list, and treatment within the last 6 months with drugs that may affect bone metabolism (except for treatment with calcitriol, vitamin D analogs, and/or calcimimetics). At baseline and after 1 year, patients underwent BMD determinations and blood draws for measurements of serum biochemical parameters. Demographic and clinical parameters were also recorded at the same times. The treating nephrologist determined all treatments based on standardized practice following KDOQI and KDIGO recommendations. There were no interventions by the investigators.
Measurements of BMD
For assessment of BMD, we used DXA because it is the most widely used tool for assessment of bone mass and fracture risk in the general population (7). We also used QCT because of its stronger correlation with histologically determined bone volume (8) . BMD of the spine and total hip was assessed using both methods by the same operator using the same machine for the duration of the study. iDXA (GE Medical Systems Lunar, Madison, WI) was used for DXA, and the coefficients of variation for DXA measurements were spine=1.35% and hip=0.52%. SOMATOM Sensation 16 was used for QCT using the QCT PRO software (Mindways Software Inc., Austin, TX). The coefficients of variation for QCT measurements were spine=0.80% and hip=0.82%. Spine BMD includes mainly trabecular bone and a thin layer of cortex, whereas hip BMD includes mainly cortical bone. Changes in BMD were stratified into losing or gaining greater than 2% versus no change. A decrease in BMD by DXA and/or QCT of 2% was used as the threshold for bone loss (9, 10) . This 2% value is outside our error of DXA and QCT and the threshold defined by the International Society for Clinical Densitometry (11) .
Determinations of Blood Parameters
The following biochemical parameters were measured because of their novelty or correlation with bone parameters in cross-sectional prior studies: serum parathyroid hormone (PTH; commonly used to assess bone turnover abnormalities, which have been shown to be associated with changes in bone volume) (12) , bone-specific alkaline phosphatase (BSAP) and procollagen type 1 N-terminal propeptide (P1NP; which are markers of osteoblastic activity) (13, 14) , tartrate-resistant acid phosphatase-5b (TRAP-5b; a marker of osteoclastic activity) (15) , sclerostin (a protein produced by osteocytes [16, 17] and expressed at bone formation sites [18, 19] ), Dickkopf-1 (DKK-1; found in bone and other tissues [20] , and like sclerostin, it leads to increased bone formation and bone volume when knocked out) (21, 22) , and fibroblast growth factor 23 (FGF23; involved in mineral metabolism with a role in bone mineralization/remodeling) (23) (24) (25) . In addition, serum calcium and phosphorus were measured. Plasma intact PTH levels were measured by a radioimmunometric assay (Scantibodies, Santee, CA). The intraand interassay coefficients of variation for intact PTH were ,5% and ,7%, respectively. BSAP levels were measured using an enzyme immunoassay (EIA; Quidel, San Diego, CA). The intra-and interassay coefficients of variation were ,6% and ,8%, respectively. Total P1NP levels were measured using an ELISA (USCNK, Wuhan, China); the intra-and interassay coefficients of variation were ,9% and ,10%, respectively. TRAP-5b levels were determined using an EIA (Quidel, Santa Clara, CA).The intraand interassay coefficients of variation were ,2.2% and ,3%, respectively. Serum sclerostin levels were measured using an EIA (Tecomedical Group, Sissach, Switzerland). The intra-and interassay coefficients of variation were ,3.1% and ,3.5%, respectively. DKK-1 was determined by an ELISA (Biomedica, Vienna, Austria). The intraand interassay coefficients of variation were ,8% and ,12%, respectively.
Statistical Analyses
Results are given as mean6SD. Univariate analyses of quantitative variables were performed using Mann-Whitney U or t tests, depending on distribution and equality of variance. Bivariate correlations were calculated using Spearman's Rho. Multivariable linear regression was used to assess predictive relationships with BMD at baseline and with BMD changes at 1 year. Serum biochemical parameters that significantly correlated with BMD or BMD changes were regressed in the presence of age group (binary variables), race (black versus other), body mass index (BMI), and sex (known confounders for BMD). Significance for analyses was set at P,0.05, except for multiple correlations, where significance was elevated to P,0.01. SPSS statistical software (version 21; IBM Corporation, Chicago, IL) was used for all calculations.
Results
Baseline Patient Characteristics
In total, 81 patients completed the study. The mean age was 52.6612.3 years, with 56% men and 44% women. Patients were 53% African American and 46% Caucasian (including 1% Hispanic). The clinical and biochemical characteristics of the patients at baseline are shown in Table 1. There were no significant sex differences in the biochemical characteristics. Significant correlations between the biochemical parameters are shown in Table 2 . Baseline BMD by QCT and DXA at the hip and spine are shown in Table 3 . QCT and DXA of the spine identified similar rates of osteoporosis (13.6% and 13.6%), but at the hip, DXA identified more osteoporosis (22.2% versus 13.6%). At any site and by either method, 33.3% of the patients were osteoporotic.
Univariate and Multivariable Correlates with Baseline BMD Age correlated negatively with QCT BMD of total hip and cortical spine (Rho=20.53 and 20.50, respectively, P,0.001) and DXA BMD of total hip (Rho=2 0.35, P,0.001) but not the spine. BMI correlated positively with DXA BMD of the hip (Rho=0.25, P=0.03). Men had higher DXA BMD than women at both the hip and spine (t test P values=0.003 and 0.004, respectively) and higher cortical BMD of the spine by QCT (P,0.01). Patients treated with vitamin D had lower QCT BMD of the hip, lower trabecular BMD of the spine, and lower DXA BMD of the hip (t test P values=0.04, 0.02, and 0.03, respectively) than patients not treated. Patients of African-American race had higher trabecular BMD of the spine (t test P,0.001) and higher BMD by QCT and DXA at the hip (P,0.01 and 0.05, respectively). Dialysis vintage, diabetes, and recent smoking were not associated with baseline BMD.
At baseline, intact PTH correlated inversely with QCT cortical spine and DXA spine; BSAP and TRAP-5b correlated inversely with QCT cortical spine, and sclerostin correlated positively with DXA of both hip and spine and QCT hip (Table 4) . No significant correlations were found between baseline BMD and serum calcium, phosphorus, P1NP, or DKK-1. No correlations were found with differentiated cortex and trabecular total hip BMD.
With adjustment for age group, sex, race, and BMI, intact PTH correlated with baseline QCT cortical spine and DXA hip and spine, BSAP correlated with QCT cortical spine and DXA hip, TRAP-5b correlated with QCT cortical spine, FGF23 correlated with QCT cortical spine, and sclerostin correlated with QCT hip and DXA hip and spine (Table 4) .
Biochemical Changes at 1 Year
Four biochemical parameters changed significantly over the 1 year of the study. Mean FGF23, sclerostin, and DKK-1 increased, whereas mean P1NP decreased (Table 1) . Treatment modalities were not associated with changes in these parameters, except that DKK-1 increased more in patients not treated with active vitamin D or cinacalcet. Mean intact PTH did not change significantly over 1 year.
Correlations with and Predictors of Bone Loss at 1 Year
The percent of patients losing or gaining greater than 2% BMD over 1 year is shown in Table 3 . QCT at the hip measured a greater frequency of bone loss than QCT of the spine or DXA of the hip or spine (Table 2) . Demographic and clinical variables, including therapeutic modalities, were not associated with 1-year changes in BMD, and baseline BMD measures did not correlate with changes in BMD. Baseline serum biochemical measures that correlated with 1-year changes in BMD included sclerostin with change in QCT hip (Figure 1 ) and FGF23 negatively with change in DXA spine (Table 5) . Baseline TRAP-5b, BSAP, P1NP, DKK-1, and intact PTH did not correlate with changes in BMD. With adjustment for age, sex, race, and BMI, TRAP-5b and sclerostin were independent predictors of bone loss in QCT total hip, P1NP was an independent predictor of changes in QCT cortical spine, and FGF23 was an independent predictor of bone loss in the spine by DXA (Figure 2 , Table 5 ). Seventy-three percent of patients with both elevated sclerostin and TRAP-5b lost BMD by QCT of the hip. Increase in intact PTH correlated with trabecular bone gain by QCT of the spine. Increase in sclerostin correlated with trabecular bone loss by QCT of the spine (Table 5 ).
Discussion
Our findings show, for the first time in CKD-5D patients, that bone loss is predicted by three noninvasive parameters. One parameter, TRAP-5b, is a measure of bone resorption, whereas sclerostin and P1NP are considered to reflect predominantly bone formation.
TRAP-5b is produced by osteoclasts and circulates at increased concentrations in various metabolic bone disorders with increased turnover (26) , after oophorectomy (27) , and in a percentage of patients with osteoporosis (28) . Serum concentrations of TRAP-5b have been shown to be related to osteoclast number more than osteoclast activity (29, 30) . Comparing patients with CKD with bone fractures with patients without fractures, TRAP-5b was found to be 29% higher in patients with fractures (31) . These findings are extended by our results, which identify elevated TRAP-5b as an independent predictor for bone loss.
Sclerostin is a soluble inhibitor of Wingless/integrated (Wnt) signaling that binds to the low-density lipoprotein receptor-related proteins 5 and 6 coreceptors and impedes the canonical Wnt/b-catenin signaling pathway to regulate bone formation in the adult skeleton (32) . Knockout or loss of sclerostin leads to increased bone formation in mice and sclerosteosis in humans (33) (34) (35) . Treatment with sclerostin-neutralizing mAb showed osteoanabolic effects with increases in bone formation and bone strength in rats and primates (36, 37) . Moreover, postmenopausal women treated with a sclerostin antibody were found to have a 5.3% increase in lumbar spine BMD (18) . Sclerostin has been shown to be increased in CKD-5D patients (38) . A strong inverse relationship was observed between GFR and serum sclerostin (39) . Our findings show that bone loss can be predicted by elevated serum levels of sclerostin in patients with CKD-5D. This finding is in agreement with results in non-CKD animals and patients showing lower bone formation with higher sclerostin levels (16, 17, 32) . Also, in prior studies in CKD-5D patients, we found a strong negative correlation between sclerostin blood levels and bone formation parameters (38) , which could explain why, prospectively, patients with CKD-5D and higher sclerostin lose more bone than patients with lower sclerostin levels. The baseline finding of a positive relationship between sclerostin and baseline BMD in CKD- Figure 1 . | Relationship between bone mineral density (BMD) and baseline serum sclerostin. The figure shows one-year percent change in BMD of total hip by quantitative computed tomography (QCT) with corresponding baseline serum sclerostin levels. Rho=20.37, P,0.001.
5D patients is puzzling but in keeping with at least six earlier reports (40) (41) (42) (43) (44) (45) .
P1NP is a protein produced by osteoblasts. During the extracellular processing of type I procollagen, the amino terminal propeptide of type 1 collagen is cleaved, resulting in free trimeric P1NP, which in turn, is cleaved into monomers. These propeptides circulate in blood and are used as markers of bone formation. Our prospective findings that P1NP predicts cortical bone gain in the spine by QCT are novel and suggest a role of bone formation in maintaining bone volume in CKD-5D patients.
These findings describe a potentially valuable clinical role for measurement of sclerostin, P1NP, and TRAP-5b in CKD-5D patients. Given the known relationships of sclerostin and P1NP with bone formation and TRAP-5b with bone resorption, these biochemical measurements may provide the basis for choosing between therapeutics aimed mainly at suppression of resorption or stimulation of bone formation in the treatment of bone loss in CKD-5D patients. Obviously, additional studies quantifying relationships between bone turnover markers and bone histomorphometric parameters are required.
The current work complements the work by Nickolas et al. (46) , which addresses BMD changes in CKD patients in various stages of CKD (9 of 53 patients were on dialysis). Our findings are exclusively on CKD-5D patients. In the patient cohort in the work by Nickolas et al. (46) , mean PTH levels increased, whereas in our patients, mean PTH did not change. However, change in intact PTH was an independent predictor of trabecular spine bone gain by QCT.
It is intriguing to learn that higher FGF23 levels predict lower DXA BMD of the spine at baseline and more bone loss after 1 year. These findings do not confirm the results of Desjardins et al. (47) and Ureña et al. (48) that FGF23 does not correlate with DXA BMD. This finding may be because of possible differences in patient populations and more importantly, the cross-sectional nature of these two studies. This explanation is contrary to the report that FGF23 is associated with increased vascular calcifications (47) at more proximal sites of the spine. Other than site differences, there are possible differences in patient characteristics along with the known limitation of cross-sectional results. A confounding of DXA by extraosseous calcifications can explain differences between DXA and QCT in detection of osteoporosis.
Nonparametric analyses of correlations between the measured biochemical parameters confirmed the known relationships between FGF23 and phosphorus, BSAP and intact PTH, BSAP and TRAP-5b, TRAP-5b and intact PTH, and sclerostin and intact PTH (negative). Novel relationships were found between sclerostin and phosphorus (negative) as well as between sclerostin and BSAP (negative) in CKD-5D patients. These relationships can be explained by the negative correlation between sclerostin and PTH (38) , resulting in lower bone turnover with higher sclerostin levels.
The finding of lower BMD at baseline in patients treated with vitamin D compared with no vitamin D treatment might be explained by patients' characteristics. Vitamin D is customarily prescribed to patients with high PTH levels. Higher PTH levels are, in turn, associated with lower cortical bone mass (12) . The presented results show that baseline BMD does not predict future changes in BMD. This finding suggests that cross-sectional BMD measurements cannot predict bone loss and that serial DXA measurements are necessary for monitoring for bone loss. Limitations found with cross-sectional observations are resolved here by our prospective 1-year results. Our regression results are valuable for diagnosis and prediction of bone loss but do not allow us to comment on mechanisms. Additional studies over longer periods of time might identify additional predictors of bone loss. Other studies will need to examine mechanisms. The present study should help forward efforts to clinical applications. These efforts will have to overcome the lack of routine availability of assays for sclerostin and TRAP-5b for clinical purposes.
In conclusion, QCT identified prospectively more bone loss at the hip than DXA. The baseline serum biochemical parameters sclerostin and TRAP-5b were noninvasive independent predictors of bone loss in patients with CKD-5D.
